Abstract -Protein engineering, the design and synthesis of novel proteins by genetic engineering, allows complex problems in molecular biology to be studied by structure-activity relationships in an analogous manner to the application of physical-organic chemistry to simple organic molecules. This approach has been applied to study the folding pathway and stability of barnase, the RNAse from Bacillus amyloliquefaciens. The strategy is two fold: i, Mutations are made which remove defined interactions that stabilise barnase. The changes in stability on mutation are measured from the changes in free energy of unfolding of the protein.
INTRODUCTION
Physical-organic chemistry has an enormous role to play in analysing and predicting biological phenomena. In the past, structure-activity studies have been applied to the substrates in enzymology and much information obtained (ref. 1) . A whole new area for physical-organic chemistry has now been opened up by the introduction of protein engineering (ref. 2). It is now possible to alter at will, and in a systematic manner, the structure of proteins by the modification of their genes by genetic engineering. This enables structure-activity relationships to be applied to varying the structure of proteins. There is one fundamental difference, however, between the reactions studied with simple organic compounds and those that occur in biological systems. Biology is dominated by the chemistry of the noncovalent bond whereas most of organic chemistry concerns covalent chemistry. Enzymic catalysis, for example, is simple solution catalysis modulated by changes in binding energy and complementarity in enzyme-substrate complexes (ref. 1). The very smcture of proteins is determined by noncovalent interactions -van der Waals', electrostatic, hydrogen bonding and the hydrophobic effect -between the amino acid residues and between them and water.
One of the most challenging problems at the interface of chemistry and biology is the prediction of the threedimensional tertiary structure of a protein from its linear sequence of amino acids. The problem, like any chemical process, has two components -kinetic and thermodynamic. In the language of protein folding, these are the pathway of folding and the stability of the folded state. It is not yet possible to solve either of these components by computational methods de nova First, there are too many conformations that occur between the disorganized structure of a denatured protein and the final folded structure to be searched at random by any computer available now or in the foreseeable future. Second, it is not possible to calculate the noncovalent interactions with sufficient precision to determine the relative stabilities of folded and unfolded states of proteinsthey probably differ in free energy by less than a fraction of a percent. What is required is experimental evidence about the pathway of folding and the strengths of the interactions. This is no mean task because of the ephemeral nature of noncovalent bonding during the folding process. However, we have devised a procedure based on classical physical-organic chemistry that is the direct descendant of the classical Brernsted relationship. The strategy. First, we use protein engineering to remove interactions that stabilize parts of proteins and then measure the changes in stability. This provides empirical thermodynamic data that can be used in redesigning enzymes and provide a data base for testing theoretical procedures. Second, we perform kinetic measurements on folding and unfolding the mutated enzymes to measure the changes in activation energy. The relationship between changes in activation and equilibrium energies may be used to map the structures of transition states and intermediates (ref.
3,4).
The model system -barnase. The protein used in our studies is barnase, an extracellular ribonuclease from Bacillus hmyloliquefaciens. It is an excellent paradigm for protein folding studies. It is a small monomeric enzyme of 110 residues, with Mr = 12,382. It is composed of a single domain, yet has both a and B structural elements. Accordingly, it can be used to test hypotheses about the formation and stability of these types of secondary structure and the interactions between them. Barnase undergoes reversible solvent-and thermallyinduced denaturation, closely approximating a two-state equilibrium between folded and unfolded conformations. It contains no sulphur atoms, thereby obviating the complications of cysteine and methionine oxidation and disulphide bond formation in folding/unfolding experiments. The crystal structure of the protein has been solved at high resolution (ref. 5), a prerequisite for rational protein engineering experiments, and its solution structure has also been elucidated by high-field proton NMR spectroscopy (ref. 6). The gene for this enzyme has been cloned and can be expressed in Escherichia coli (ref. 7). The tertiary structure of barnase comprises a C-terminal five-stranded antiparallel B-sheet (residues 50-55, 70-75, 85-91, 94-101, and 106-108) with two N-terminal ahelices, one packed against its face and the other against its edge. The packing of the a-helix composed of residues 6-18 against the face of the B-sheet is a common structural motif which has been described in many proteins. The main hydrophobic core of barnase is formed where non-polar side chains of the a-helix and the Bsheet interdigitate and pack closely together (see Fig. 1 ( 1) where KuH20 is the equilibrium constant for unfolding in water and me is a constant that is proportional to the increase in degree of exposure of the protein on denaturation. The rate constant for unfolding, k,, is generally found to increase with increasing [Urea] according to eqn 2 where k,HgO is the rate constant in H20 (ref. 3, 11, 12) 
The kinetics of folding of proteins is often complicated by the the slow and frequently rate-determining isomerization of proline residues (ref. 13). Barnase has three proline residues which are all truns in the native structure. It is expected from the earlier work that some 520% of each of the prolines in the denatured protein should exist in the cis conformation and that the conformations should interconvert with a half-life of tens of seconds (ref. 14). We find that on diluting barnase that has been incubated in 6-8 M urea with ten volumes of water there is a biphasic regain of folded structure with the two kinetic phases well resolved. The first phase, 83% of the amplitude measured by stopped-flow fluorescence spectroscopy, occurs with a half life in the 100 ms region at low urea which increases with increasing urea concentration The slow phase has a half life of 10-20 s and changes only slowly with [Urea]. The fast and major phase is the folding of the fraction of unfolded protein which has all its prolines in the trans conformation in solution. The slow phase represents the conversion of the cis to trans. We have confirmed by measurements of regain of activity that the fast phase corresponds to the formation of active enzyme . The following discussion refers just to the fast phase. FIG. 2. Urea dependence of rate constants for denaturation and renaturation of wild-type and mutant IA96 (Ile4Ala96) enzyme. Upper: lOgk,,bs for folding of wild-type enzyme. The expenmenu at low concentrations of urea consist of solutions of enzyme in high concennations of urea diluted ten-fold into refolding buffer in the stoppedflow fluorimeter. In this region, kobs is the rate constant for rcfolding. At high Wrea], folded enzyme in aqueous buffer was mixed with ten volumes of urea solution, and so the kinetics of unfolding is observed. In the transition region, both folded and unfolded protein exist at measurable concentrations, The rate constan& in this region may be measured by mixing either unfolded or folded protein with urea and monitoring the progress to equilibrium (k& = k, + k~ for a simple two-state transition when both forward and reverse rate constants are significant). The solid curve is that calculated for a simple twostate system (eqn 3) and logkobs = log& + k~) . Middle: IA96. The two-state approximation holds nicely down to less than 2 M urea and well below the transition region. Bortom: logk, measured at low concentrations of urea for the destabilized mutant LA14.
It is seen in Fig. 2 that whereas the simple rate law of eqn 1 describes the unfolding of wild-type barnase at high urea, l o g b does not follow eqn 4. The value of l o g b at low urea deviates by many orders of magnitude from that predicted by the kinetics of a two-state equation. This is classical evidence for the existence of a metastable intermediate on the refolding pathway -the intermediate accumulates on a fast time scale and the observed rate constant is that for the reaction of the intermediate. It could be argued that the deviation from ideality is caused by the equilibrium and rate equations (1 and 2) not being followed at lower concentrations of urea. Evidence against this is i, logk, is linear with [Urea] down to 0.5 M urea (with LA14, a destabilized mutant at low pH where the proteins are less stable); ii, Ku*~O measured from the linear extrapolation of measurements of logKu at high urea agrees with that measured by other methods (ref. 15) ; iii, the folding kinetics of some less stable mutants do follow the two-state equation down to much lower concentrations of urea because the intermediate is destabilized and accumulates to a much smaller extent (e.g IA96 in Fig. 2 ).
FREE ENERGY PROFILE FOR FOLDING
The role of binding energy of many groups at the active site of the tyrosyl-tRNA synthetase was elucidated by comparing the free energy profiles of wild-type and mutant enzymes throughout the reaction (ref. 16) . What is crucial is not so much the free energy profile itself but the differences in energy levels between mutant and wildtype enzymes. The "difference energy" diagrams readily give a qualitative picture of the importance of each side chain throughout the reaction (ref. 16, 17) . and the results can be interpreted quantitatively (ref 18) . The same approach may be applied to study the energetics of interactions of side chains during protein folding.
First, the free energy profile of the folding pathway wild-type must be (partially) constructed. The kinetics of folding and unfolding can be fitted to those expected for a simple two-step reaction. However, there are so many unknowns that must be fitted to the rate equations that we prefer to be cautious and consider the two-step mechanism to be part of a more general scheme which can have multiple intermediates. The intermediate we see is the slowest formed (eqn 5). The observed rate constant we measure, k.u, is simply that for EI transforming to EF.
(Note: if "EI" is a mixture of intermediates, then k.,, is a weighted mixture of rate constants.) ku. the observed rate constant for unfolding (eqn 2) is the rate constant for the formation of EI from EF, which is the rate determining step for unfolding. The schemes for analysing the kinetics and equilibria are given in Fig. 3 . Fig. 3 . Thermodynamic cycles and construction of difference energy diagrams from free energy profiles.
Top: Cycles relating properties of mutant and wild-type enzymes. The energy difference between EF and Eu. AGFJJ (= GFGu), is measured from equilibrium unfolding. The energy difference between EF and EI. AGF-I (= GF -GI), is calculated from the ratio k&,.
AG1-u (= GI -Cu) is calculated from AGF-u -AGp-1. The free energy of the transition state, AG&F (= G t -GF) can be calculated from transition state theory and the value of ku, the rate constant of unfolding. AG&u (= GSGu) is calculated by adding AGs.F and AGFJJ. In the vertical virtual equilibria, AGu is the difference in noncovalent energy between unfolded wild-type and mutant enzymes, AGI = G E~ -GE, is the difference between the folding intermediates, AGt is the difference between the transition states and AGF between the folded states. Bottom: Calculation of difference energies.
The difference energies are defined as: M G F = AGFJJ -AC'FJJ; AAGt = AGs.u -AC'$.u; AAG1= AG1-u -AG'1-u where the prime denotes mutant. In practice, all energies are calculated as difference energies and relative to the folded state ( M G F .~, AAGF-I, MGF.$) and then converted to the difference energies relative to unfolded state by subaacting them from MGu.F in order to give the energies relative to the unfolded state. The difference energies are the experimentally determined values. These may be related to the true differences in noncovalent energy between wild-type and mutant proteins by extending theory developed previously ( ref. 3.4) . M G I = AGI -AGu; AAG$ = A C s -AGu; AAGF AGF -AGu. The reason why the measured difference energies differ from the true energy differences is because the former include the term AGu. It should be noted that the m e energy differences contain contributions from any energetics of reorganization of the protein structure on mutagenesis. Fig. 4 are the difference energy diagrams for a variety of mutants, each chosen to remove a small interaction that stabilizes specific parts of the structure. Each curve is in effect normalized by taking the unfolded state as the reference structure, i.e. Gu = G'u = 0. This does not affect the qualitative interpretation of the results but does affect the quantitative. The difference energies are not the true differences in noncovalent energy between the wild-type and mutant enzymes. The measured energies differ from the true by the term AGu, which is a constant for each mutant (see legend to Fig. 3) . We have shown where AGu may be ignored or where the changes can be analysed more quantitatively (ref. 3,4) . 3) that all the stabilization energy is lost in the transition state for unfolding. All the energy is lost in the intermediate as well. The -OH of Thr26 acts as the N-cap of the second helix, forming hydrogen bonds to the >NHs of residues 27-29 (ref. 19) . Again, it was shown previously by mutating TA26 that all the energy of the N-cap is lost in the transition state for unfolding, and the same is seen to happen in the intermediate. Thr6 forms the N-cap of the first helix. 80% of the difference energy is lost in the transition state for unfolding. It is seen that the same energy is lost in the intermediate as in the transition state. It was argued previously that the loss of all the stabilization energy at the N-caps and major loops in forming the transition state during unfolding results from their being fully exposed to solvent rather than the bonds being distorted in the transition state.
HQ18, TS16 -probes of the major a-helix.
The charge on the protonated form of His18 makes a coulombic interaction with the dipole of the a-helix from residues 6-18. The interaction energy is thus a probe of the integrity of the C-terminus of the helix. Most of this interaction energy is maintained in the transition state (ref.
3). It is maintained equally in the intermediate. The y-methyl of Thrl6 makes a very strong hydrophobic interaction with the aromatic ring of Tyrl7. This is maintained in the transition state for unfolding, and is seen now to be equally maintained in the intermediate, adding further evidence for early helix formation.
LA14, IA88, IA96, N88, IV96
-probing the hydrophobic core. Some of the energy of the hydrophobic core is lost in the transition state for unfolding, possibly 10-30% depending on the particular location. But, it is seen, that even more energy is lost in the intermediate. Mutations of isoleucines to valines are better probes than mutation to alanine since the smaller the change the less the perturbation of structure. For IV96 and IV88, the energy changes in the intermediate are midway between those of the unfolded and folded states. In this situation, the changes in difference energies do reflect the true energy changes.
DETECTION AND CHARACTERIZATION OF THE INTERMEDIATE BY NMR
More than 99% of the proton resonances in the 1H-NMR spectrum of barnase have been assigned to their amino acid residues (ref. 6). Some 45 of the backbone >NH protons undergo slow exchange with solvent because they are involved in hydrogen bonds in secondary structure. These protons have the potential of being trapped during refolding experiments and so probe. on the formation of secondary structure. We have used the H/D exchange procedure to detect a rapidly-formed intermediate during refolding. Barnase was denatured and all exchangeable >NH groups deuterated (>90% exchange) by incubating in 6.5 M (deuterated) urea and 99.8% D20 at pD 6.3. The denatured and deuterated protein was allowed to refold by diluting into D20. Samples were taken during the refolding process and exposed to a labelling pulse of H2O buffered at pH 8.5 where there is fast exchange of unprotected >ND deuterons. After sufficient time for complete refolding, the pH was lowered to 3.5 where exchange is very slow, and the fraction of H/D exchange measured by 2-D NMR. If folding is a simple one-step process, then the >ND deuterons at positions which undergo slow exchange in the folded protein should become protected from exchange concurrently with the overall process of refolding, which has a half life of 140 ms under these conditions in D20 and 1.3 M urea. It is found, however, that several of these deuterons become protected with a half-life of about 12-30 ms. This shows conclusively that an intermediate is rapidly formed in which those residues which form secondary structure in the folded state are protected. The repeating secondary structure in native barnase consists of two a-helices, residues 6-18 and 26-34, and five strands of P-sheet, residues 50-55, 70-75,85-91,94-101 and 106-108 . Many of the peptide NH protons of these residues in the folded structure are highly protected from rapid exchange with solvent and can be examined by the labelling procedure. We find rapid protection of some >NH (>ND) groups in all these regions. It is found (Fig. 5) that 29 of the positions are sufficiently protected under the experimental conditions that the change in protection with time may be followed. Three of the positions, the >ND(H)'s of 125, N77 and S50, are protected according to a time course that is essentially identical to that of the overall refolding process. Defining the fraction of protons in rapid exchange at time = 0 as 1.0 compared with 0.0 when protected in the fully-folded protein, the amplitude of the kinetic changes are 0.74-0.76. The theoretical maximum amplitude for the fast phase is 0.8 since 20% of the protein folds slowly, limited by the proline isomerization. Significantly, 125, N77 and S50 make tertiary hydrogen bonds that are not within regular secondary structure but are a consequence of the overall fold of the molecule. It is found, as mentioned above, that several of the deuterons in the regular secondary structure become protected much faster (Fig. 6 ). In the top left panel, the backbone NHs (NDs) of Ile25, Ser5O and Am77 become protected against exchange with a time course that follows the overall rate of folding (solid curve). In the other panels, the protection of residues in regular secondary structure is more rapid.
CONCLUSIONS
The NMR-H-exchange data confirm the conclusions from the protein engineering studies that the refolding of barnase involves at least one discrete intermediate. Both techniques show that the C-terminal end of the major helix is formed before the major transition state for folding. The NMR data show further structural features, such as early formation of sheet, and definite indications of earlier folding intermediates before the one observed in the protein engineering studies. The protein engineering procedure has the potential of mapping the interactions of all the side chains throughout the folding process and providing extensive information about the structure of the transition state and intermediate. To this end, we have now prepared over 60 more mutants of barnase to be studied. The experiments show one further important general point. One proposal for the prediction of the tertiary structure of proteins is to predict the repeating secondary structure, such as a-helices and B-sheets, which is less demanding than predicting tertiary strucutre, and then dock the helices and sheets. Our results suggest that docking of preformed elements is part of the rate determining process in folding and so this provides encouragement for that theoretical approach.
